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1. INTRODUCTION
The ReaxFF reactive force field method1 has been applied
successfully in a variety of reactive dynamics (RD) simulations of
hydrocarbonorganic compounds,2 polymers,3 energeticmaterials,49
metal oxides,1013 and transitionmetal catalysts,14 studying rapid
reaction processes including pyrolysis,15 explosions,6,7 shock
processes,5,8,16 and combustion.2,15 Thus ReaxFF has enabled the
study of chemical reactions in large condensed phase systems (up to
millions of atoms) at large time scales (up to 100 ns), providing
mechanistic and conceptual information not readily available from
experiments or quantum mechanics (QM).
Particularly important applications of ReaxFF have been to
energetic materials, which involve a complex sequence of reac-
tions and multiple intermediates, many of which are difficult to
detect, making it difficult to extract a mechanistic understanding.
Thus, ReaxFF reactive dynamics (ReaxFF-RD) has been used suc-
cessfully to study shock transformation formany energetic materials
including hexahydro-1,3,5-trinitro-1,3,5-s-triazine (RDX),5,7,8 pen-
taerythritol tetranitrate (PETN),16 octahydro-1,3,5,7-tetranitro-
1,3,5,7-tetrazocine (HMX),6 1,3,5-triamino-2,4,6-trinitrobenzene
(TATB),6 triacetonetriperoxide (TATP),4 andnitromethane (NM).9
Here ReaxFF-RD calculations were used to study the decom-
position mechanisms and shock behaviors of these materials,
with results in good agreement with experiment andQM, validating
the accuracy of ReaxFF for studying the reaction mechanisms.
The philosophy in developing the ReaxFF reactive force field
was to use only data from consistent quantum mechanics (QM)
calculations (generally the B3LYP flavor of DFT with the 6-31G**
basis set). This created a problem for solids since the practical
levels ofDFT for solids (LDA, PBE, PW91, B3LYP) arewell-known
not to account adequately for the London dispersion (van derWaals
(vdW) attraction) so important in molecular solids, leading to
equilibrium volumes ∼1015% too high. Thus our previous
ReaxFF studies also did not include sufficient London dispersion.
The result is that ReaxFF and DFT calculations on energetic
materials both lead to equilibrium densities ∼1015% larger
than experiment.6,7,16
In fact, ReaxFF includes a vdW term, using a Morse function
that is repulsive for short R (Pauli repulsion) and attractive for
large R (van der Waals attraction). However since no data were
included to train these vdW terms to fit the long-range London
dispersion, they rather play a role in modulating the various valence
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results. In particular, we examined the phase transition between α-RDX and γ-RDX, finding that ReaxFF-lg leads to excellent
agreement for both the pressure and volume of this transition occurring at∼4.8 GPa and ∼2.18 g/cm3 density from ReaxFF-lg vs
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interactions by including the Pauli repulsion or steric interactions
so important for valence structures.
Since we do not want to modify the parts of ReaxFF that already
account for these valence interactions, but we now want to im-
prove the long-range dispersion to obtain the correct density for
molecular crystals, we introduce into ReaxFF an additional vdW-
like interaction, chosen to have a form that has little effect at the
distances relevant to valence interactions while accounting for
long-range London dispersion. To accomplish this, we use the
same low-gradient (lg) form proposed by Liu and Goddard for
improving the description of London dispersion in standard
DFT methods,17 leading to the ReaxFF-lg force field.
In this work, we report dispersion corrections for ReaxFF, based
on this low-gradient model (ReaxFF-lg), for the energetic materials
RDX, PETN, TATB, and NM plus graphite, polyethylene, solid
carbon dioxide, and solid N2, using the low temperature crystal
structures to determine the lg correction parameters. Here we
consider densities and heats of sublimation of these materials in
the training sets. Then the fitted parameters are extended to
energetic materials and refined to obtain the final parameters. To
validate the ReaxFF-lg method, we calculated the equations of
state of these materials and compared the results with results
from experiments at room temperature.
2. METHOD AND COMPUTATIONAL DETAILS
In ReaxFF-lg, the total energy of the system can be expressed
as
EReax-lg ¼ EReax þ Elg ð2.1Þ
where EReax is the energy evaluated from the previous ReaxFF
force field:
EReax ¼ Ebond þ Elp þ Eover þ Eunder þ Eval
þ Epen þ Ecoa þ Etors þ Econj
þ EH-bond þ EvdW þ ECoulomb ð2.2Þ
and Elg is the long-range-correction terms using the low-gradient
model:
Elg ¼  ∑
N
ij, i < j
Clg, ij
rij6 þ dReij6 ð2.3Þ
Here rij is the distance between atom i and atom j, Reij is the
equilibrium vdW distance between atoms i and j, and Clg,ij is the
dispersion energy correction parameter. For each atomic pair ij,
we use the geometric combination rules for both Reij and Clg,ij,
unless the off-diagonal parameters are listed specifically for a
particular pair. Here d is a scaling factor, but we set d = 1.0 since
we found no need for scaling in this work. Re is taken as the vdW
radii in the Universal force field (UFF)18 (convenient since these
values are defined in UFF up to element 103, Lr), as shown in
Table 1, and only the Clg parameters are fitted.
Low temperature crystal structures of graphite (P63mc),
19
polyethylene (PE, Pnam),20 carbon dioxide (Pa3),21 and solid
nitrogen22 (Pa3) were selected to determine the dispersion
correction parameters for ordinary organic materials. Graphite
and polyethylene are prototypes for determining the dispersion
corrections for CC, CH, HH and were used previously for
studying or testing the vdW interactions.23,24 Carbon dioxide and
solid nitrogen are molecular crystals suitable for determining the
dispersion corrections for CO, OO, and NN. On the basis
of these parameters fitted from these ordinary organic materials,
we proceeded to determine the CN, NO, HN, and HO
correction parameters for energetic materials.
The ReaxFF force field used for our fitting is based on the force
field of energetic materials in ref 7. The final full set of parameters
is in the Supporting Information. In the fitting procedure (Chart 1),
the density and heat of sublimation at low temperature were first
used to obtain initial lg parameters. Then these parameters were
used to describe the pressure in NVT calculations at room
temperature with the experimental density. The parameters were
adjusted to reduce the calculated error in the pressure, until the
error was (0.5 GPa. We then started with these modified param-
eters as initial parameters for the next round fitting to the low
temperature crystal densities and heats of sublimation. The goal
was to find parameters providing a good description for both low
temperature and room temperature.
To validate the ReaxFF-lg force field, we calculated the equation
of state (EOS) at room temperature for multiple unit cells of 4
4  2 hexagonal graphite, 2  3  6 polyethylene, 3  3  3
carbon dioxide, 2  2  2 RDX, 3  3  3 PETN, 3  3  3
TATB, and 3  3  3 NM.
Initial cells at each volume were built by scaling the center of
mass of each molecule in the cell and minimizing using the con-
jugate gradients method. For each system, the ReaxFF-lg molecular
Table 1. ReaxFF-lg Dispersion Correction Parametersa
Re (Å) Clg (kcal/mol 3A
6)
C 1.9255 CC 0
N 1.8300 HC 0
O 1.7500 OO 624







a See eq 2.3 for definitions.
Chart 1. Procedure for Fitting Dispersion Correction
Parameters
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dynamics simulations used the NVT ensemble (T = 300 K) with
0.1 fs time step. We equilibrated for 5 ps followed by 5 ps for
property analysis. These calculations use the Berendsen thermo-
stat with 10 fs damping constant. The long-range interactions, in-
cluding vdW(+lg) and Coulomb interactions are calculated using
a 10 Å cutoff combined with the taper function (seventh order
spline) using Ron = 0 and Roff = Rcut. For cases in which the mini-
mum box side length is less than 20 Å, we choose half the value of
this minimum box side length as the cutoff. The charges for the
Coulomb interactions are calculated using the electronegativity-
equalization method (EEM).25,26
Particularly interesting is the case of RDX, where a phase tran-
sition is known to occur at high pressure. Here we used both
α-RDX and γ-RDX crystal structures to calculate the EOS and
investigate the phase transition.
We then investigated the effect of the lg dispersion correction
on the performance of ReaxFF for describing thermal decom-
position reactions of RDX, PETN, TATB, and NM, where the
training set includes 1441 reactions. These reactions are from the
previous training sets of ReaxFF on energetic materials contain-
ing the bond stretching and breaking, angle and torsion bending,
and thermal decomposition reaction pathways for RDX, PETN,NM,
TATB, TATP, and HMX systems. We compared the ReaxFF-lg re-
sults with the previous unmodified ReaxFF to ensure that introduc-
ing dispersion does not affect the description of chemical reactions.
3. RESULTS AND DISCUSSION
3.1. Fitting Results and Unit Cell Performance. The final
ReaxFF-lg parameters are listed in Table 1. Table 2 shows the
heats of sublimation and cell parameters predicted from both
ReaxFF and ReaxFF-lg and compares the values with values from
experiment. In Table 2, the heats of sublimation are calculated at
the experimental temperature for each case and the cell param-
eters are compared at low temperature (0 K). We see that the
cell parameters from ReaxFF-lg are in good agreement with
experiment. The errors in densities are listed in Table 2, which
shows that ReaxFF-lg is significantly improved compared with
ReaxFF. The heats of sublimation calculated by ReaxFF-lg are
in good agreement with experiment. Thus Table 2 shows that
ReaxFF-lg reduces the relative errors inΔHsub to3.0,0.3, and
6.2%, compared with45.8,45.4, and41.1%, respectively,
from previous ReaxFF.
Figure 1 compares the structures of the optimized ReaxFF-lg
unit cells with the experimental structures at low temperatures
(in yellow), superimposed to have the centers of masses coincide.
The experimental structures at low temperature were used to
extrapolate to the cell at 0 K, as shown in Table 2. We calculated
the root-mean-square deviations (rmsd's) of the atomic displace-
ments based on these center-of-mass superimposed structures.
The rmsd values for RDX, PETN, TATB, and NM are 3.62, 1.64,
1.17, and 0.87 Å, respectively. We found excellent agreement for
the four energetic materials studied here, indicating that the
ReaxFF-lg predicts crystal structures reasonably well.
Figure 2 shows the radial distribution functions for the molec-
ular centers ofmass at room temperature fromReaxFF-lg, compared
with experiments and ReaxFF. These peaks show the distribu-
tions of the distances of molecular pairs in the crystals. We see
that ReaxFF-lg is much closer to experiment than ReaxFF. For
RDX and PETN, ReaxFF-lg predicts the same position of each
molecule in the crystal cell as in the experiments. In the cases of
NM and TATB, there are some differences in the peak positions
of ReaxFF-lg compared with experiments, but they are much
improved compared with ReaxFF.
In the case of TATB, the first peak (∼5.0 Å) refers to the closest
molecular pairs between layers and the second peak (6.08.0 Å)
Table 2. Heats of Sublimation and Cell Parameters from Experiment, ReaxFF, and ReaxFF-lg
heat of sublimationa (kcal/mol) cell parameters density (error %)
expt ReaxFF-lg ReaxFF expt ReaxFF-lg ReaxFF ReaxFF-lg ReaxFF
graphite 1.19c 1.81 1.81 a 2.462 2.513 2.513 6.34 6.34
c 6.656 6.601 6.601
PE 1.838d 2.20 2.20 a 7.121 7.051 7.051 4.94 4.94
b 4.851 4.648 4.648
c 2.548 2.553 2.553
CO2 6.44
e 5.72 1.46 a 5.540 5.700 6.302 8.92 47.2
N2 1.65
f 4.84 0.68 a 5.644 5.667 6.152 1.23 29.51
RDX 32.1g 31.15 17.41 a 12.938b 12.960 13.357 0.82 28.45
b 11.331b 11.378 11.960
c 10.502b 10.527 12.379
PETN 37.62h 55.55 30.43 a 9.252b 9.098 9.542 0.89 16.88
55.7i c 6.579b 6.864 7.229
TATB 40.21j 37.72 23.67 a 9.010 9.150 9.393 4.09 6.30
b 9.028 8.960 9.041
c 6.608 6.288 6.728
NM 11.30k 16.92 10.29 a 5.183 4.926 5.062 6.69 8.04
b 6.236 6.537 7.128
c 8.518 7.978 8.244
aCalculated at experimental temperature. bExtrapolated from room temperature experimental data. c From ref 39. d From ref 40. e From ref 41 (from 195
to 217 K). f From ref 42 (from 0 to 77.3 K). g From ref 43 (from 343 to 447 K). h From ref 44 (from 356 to 382 K). i From ref 45 (from 352 to 423 K).
j From ref 46 (from 403 to 450 K). k Estimated value from ref 47.
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refers to the second short distance molecule pairs between layers,
while the third peak (9.0 Å) refers to the neighboring pairs in the
same layer. The inconsistency between the second peaks between
ReaxFF, ReaxFF-lg, and experiment arises because ReaxFF-lg pre-
dicts a shorter layer distance (2.95 Å) than experiment (3.14 Å),
while ReaxFF gives a slightly longer value (3.15 Å).
In the case of NM, the first peak refers to the neighboring pairs
in the crystal; the difference between ReaxFF, ReaxFF-lg, and
experiment arises from overestimating the density of ReaxFF-lg
by 7% while ReaxFF underestimates the density by 8%.
3.2. Equation of State. To validate ReaxFF-lg, we first con-
sider the equations of state (EOSs) for graphite,27 polyethylene,28
and solid carbon dioxide29 at high pressure and room tempera-
ture as test cases. The comparisons of EOSs between experiments
and ReaxFF(-lg) for graphite, polyethylene, and carbon dioxide at
room temperature are presented in Figures 3, 4, and 5, respectively.
The predicted pressures for both graphite and polyethylene
are slightly underestimated (by 5 and 14%) at each volume
(Figures 3 and 4). Including dispersion interaction would further
lower the pressures. Thus we do not include dispersion correc-
tions for HH, CH, and CC interactions.
In the case of solid carbon dioxide, ReaxFF-lg predicts pressures
consistent with experiment at low compression, but underestimates
Figure 2. Comparisons of radial distribution functions for the center of mass of RDX, PETN, NM, and TATB at room temperature. Blue lines are
experimental results, black dotted lines are ReaxFF results, and red lines are ReaxFF-lg results.
Figure 3. Equation of state of graphite at room temperature (300 K).
The black diamonds are experimental results from Hanfland;27 the red
circles are ReaxFF-lg results, which are the same as for ReaxFF.
Figure 1. Comparisons of molecular structures in the crystal unit cell from
ReaxFF-lg with experimental structures at low temperature (0 K). Yellow
structures are the reference structures from experiments or extrapolation,
and colored structures are the optimized structures from ReaxFF-lg.
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the pressures at high compression. This may arise from inaccu-
rate Coulomb interactions. For example, EEM25 leads to charges
of q(C) = 0.7 and q(O) = 0.35 for CO2 compared with 0.5
and 0.25 from QM. We note here that ReaxFF does not find
the phase transition at 812 GPa suggested by Aoki.30 These
results indicate that ReaxFF-lg leads to EOSs for ordinary organic
materials at ambient temperature in reasonable agreement with
experiment.
Using ReaxFF-lg, we predicted the equation of state of RDX at
room temperature in Figure 6. We calculated the isotherms for
the α-RDX and γ-RDX phases to investigate the phase transition
between them at high pressure. Although several experimental
papers have reported a range of results for theα-phase to γ-phase
transition in RDX, Davidson31 in 2008 established that this phase
transition occurs at ∼2.21 g/cm3 at 3.9 GPa. This agrees well
with our results using ReaxFF-lg (∼2.15 g/cm3 at∼4.8 GPa) and
those of Munday32 (∼2.03 g/cm3 at 2.1 GPa) using the Smith
RDX force field.33 ReaxFF also led to the phase transition at the
same density, but at much higher pressure, ∼6.6 GPa.
The computed and experimental EOSs for PETN are com-
pared in Figure 7. Here we see that ReaxFF-lg compares well with
the experiments from Olinger et al,34 whereas ReaxFF over-
estimates the pressure at high compression. ReaxFF-lg under-
estimates the pressure at low pressure but gives consistent results
at high pressure.
In the case of TATB (Figure 8), ReaxFF-lg underestimates the
pressure at low compression but agreeswith experiment (Stevens35)
at high compression. The inconsistency of TATB at low compres-
sionmay come from overestimating the electrostatic interactions
of TATB since neighboring NO2 and NH2 groups in the same
layer lead to a large induced dipole, which induces strong Coulomb
interactions between layers which might affect the compression.
Figure 4. Equation of state of polyethylene at room temperature (300 K).
Black diamonds are the experimental results from Ito,28 while the red
circles are ReaxFF-lg results, which are the same as ReaxFF.
Figure 5. Equation of state of solid carbon dioxide at room tempera-
ture. The black diamonds are experimental results from Yoo,29 the blue
circles are ReaxFF, and the red circles are ReaxFF-lg. Note that ReaxFF
does not find the phase transition at 7 GPa suggested by Aoki.30
Figure 6. Equation of state of RDX at room temperature. The black
filled squares are the experimental results fromOlinger48 forα-RDX; the
open squares are experimental results from Davidson31 for γ-RDX; the
red filled and open circles are ReaxFF-lg results for α-RDX and γ-RDX,
respectively; the blue filled and open circles are the ReaxFF results for
α-RDX and γ-RDX, respectively. ReaxFF-lg predicts the α to γ phase
transition to be at ∼0.85V/V0 (∼2.18 g/cm3) and ∼4.8 GPa, in excellent
agreement with experiment ∼0.83V/V0 (∼2.21 g/cm3) and 3.9 GPa.
Figure 7. Equation of state of PETN at room temperature. Black dia-
monds are experimental results from Olinger,34 blue circles are ReaxFF
results, and red circles are ReaxFF-lg results. ReaxFF-lg leads to excellent
agreement with experiment throughout the range of pressure.
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To test such effects, we plan additional optimization of ReaxFF
for energetic materials where we use QEq26 rather than EEM25
charges and where we allow the charges to evolve with a damping
constant rather than being adjusted every time step. It is also
possible that the low pressure discrepancy results from the fixed
ratios of cell parameters used in our NVT ensemble.
For NM (Figure 9), ReaxFF-lg agrees with experiment at low
pressure, but underestimates the pressure at high compression.
Phase transitions of solid nitromethane at ambient temperature
have been reported at approximately 3, 7.5, 13.2, and 25 GPa,3638
where it is believed that they may be caused by rotations of the
methyl groups. Our current studies did not attempt to locate
these transitions accurately (which would require NPT calcula-
tions on larger cells and traversing both pressure and temperature
from above and below the transitions). For >7.5 GPa we did find
that structures with rotated methyl groups have energies similar
to those of structures with unrotated methyl groups.
In these NVT-MD simulations, the pressure fluctuation is
about (1 GPa, which arises from the relatively small size of the
simulation cells. These slight inconsistencies of the ReaxFF-lg for
EOSs may indicate that the Coulomb interactions calculated
from EEM are not sufficient for an accurate description of the
hydrogen bonds, where polarization between nitro and amino
groups may play a critical role in the intermolecular interactions.
Also, our use of the NVT ensemble introduces some uncer-
tainties in the calculations of equations of state due to the fixed
box sizes. A more rigorous approach is to generate the equations
of state through isothermisostress (NST)-MD simulations. Be-
fore attempting this we plan to readjust the ReaxFF parameters
with very careful attention to providing as accurate as possible the
energies and barriers for the various molecular conformations in
the different phases along with more accurate descriptions of long-
range interactions. This will be the emphasis for a future study.
3.3. Reaction Performance.Figure 10 compares withQM the
reaction energies of energetic materials calculated from ReaxFF and
ReaxFF-lg. More detailed information is included in the Support-
ing Information. This shows that ReaxFF-lg leads to results con-
sistent with ReaxFF for describing chemical reactions. Thus the
lg dispersion corrections have little effect on the descriptions of
chemical reactions.
4. CONCLUSIONS
We report the ReaxFF-lg dispersion corrections to ReaxFF,
which improves intermolecular interactions for the energetic
materials RDX, PETN, TATB, and NM. We used graphite, poly-
ethylene, carbon dioxide, and nitrogen solids to determine cor-
rection parameters to reproduce the low temperature density and
heat of sublimation. Then these ReaxFF-lg parameters were fitted
and extended to energetic molecular crystals.
We see that ReaxFF-lg predicts equations of states consistent
with experiment, making significant improvements of intermo-
lecular interactions compared with original ReaxFF. Moreover,
ReaxFF-lg predicts successfully the phase transition of RDX at
high pressure. In addition, ReaxFF-lg leads to negligible effects
on chemical reaction energies. Thus we recommend ReaxFF-lg
for improving the intermolecular interactions in ReaxFF.
Figure 8. Equation of state of TATB at room temperature. The filled
black diamonds are experimental results from Stevens,35 and the open
black diamonds are experimental results fromOlinger.49 The blue circles
are previous ReaxFF results, while the red circles are the new ReaxFF-lg
results.
Figure 9. Equation of state of nitromethane at room temperature. Black
diamonds are experimental results from Olinge,34 blue circles are
previous ReaxFF results, and red circles are new ReaxFF-lg results.
Figure 10. Comparison of reaction energies (kcal/mol) for ReaxFF
(gray dots) and ReaxFF-lg (red dots) over the QM data set used to train
ReaxFF.
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